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A new in-line surface-induced dissociation device has been designed and characterized in a 
high performance four-sector tandem mass spectrometer. The design incorporates a target 
electrode parallel to the ion beam axis and an angled deflector plate (45” relative to the ion 
beam) to provide large collision angles. In addition, an extraction electrode (parallel to the 
target electrode) is employed to efficiently extract product ions from the target surface. 
Results obtained with this device indicate high internal energy deposition (up to 16.3 eV) as 
measured with the thermometer ions WACO);’ and SitC,H,j:‘, as evidenced by extensive 
dissociation of the refractory pyrene molecular ion, and as indicated by the b,/y, ratio in the 
product ion spectrum of leucine enkephalin. High resolution provided by the four-sector 
instrument for both precursor ions and product ions allows the observation of previously 
unobserved dissociation products in the surface-induced dissociation spectra of SitC,H,l:’ 
and novel ion-surface reaction products in spectra of WACO),+’ ions after collisions with 
hydrocarbon-covered surfaces. Both hydrogen atom and hydrocarbon abstraction products 
are observed. The dissociation efficiencies measured with the in-line device are approxi- 
mately 1% when hydrocarbon-coated surfaces are used and increase fivefold with a fluori- 
nated surface. (1 Am Sot Mnss Spcctronr 1995, 6, 257-263) 
P olyatomic ion-surface collisions now are being utilized by a number of investigators to study ion dissociation [surface-induced dissociation 
(SID)] and/or ion-surface reactions [l, 21. The advan- 
tages of SID for ion dissociation studies include high 
internal energy deposition [3], fine control of internal 
energy deposition [4], and potentially high dissociation 
efficiencies [5]. Furthermore, the ion-surface collision 
products of several projectile ions have been reported 
to be sensitive to surface adsorbates, which provides 
the potential for surface analysis capabilities [6-81. It is 
clear that the nature of the surface plays an important 
role in low energy ion-surface interactions. For exam- 
ple, surface effects have been reported to include ef- 
fects on energy deposition and on dissociation effi- 
ciencies, as well as on ion-surface reactions [9-121. 
The unique capabilities afforded by the use of low 
energy ion-surface collisions have led to a number of 
studies that range from fundamental ion-surface 
chemistry [6, 13-151 and isomer differentiation [16] to 
applications in peptide sequencing [17-201 and cluster 
chemistry [21, 221. 
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Ion-surface collisions have been carried out in sev- 
eral types of mass spectrometers with little or no 
hardware modification, for example, in Fourier trans- 
form mass spectrometry (FTMS) instruments [23, 241, 
reflector time-of-flight instruments [21], or quadrupole 
ion trap devices [25]. However, obstacles still remain 
to the routine application of this experiment in “beam” 
instruments such as sector, quadrupole, and hybrid 
instruments. These instruments, with few exceptions, 
have required custom configuration of the mass ana- 
lyzers to accommodate SID. Several in-line devices 
have been reported [26, 271 for use in tandem 
quadrupole or hybrid instruments and even sector 
instruments [28, 291. Recently, two simple devices for 
utilizing ion-surface collisions in four-sector mass 
spectrometers were described [30-321. We report here 
on the performance of a new in-line device for use in a 
high performance four-sector mass spectrometer that 
can be modified for use in all beam-type tandem 
instruments. The design of this device allows rapid 
conversion from conventional collision-activated disso- 
ciation (CAD) to the SID experiment and provides 
high quality SID data with dissociation efficiencies 
similar to custom SID instruments. 
The advantages of the use of a high performance 
instrument for SID include high resolution of both 
precursor and product ions, a well-focused precursor 
ion beam that facilitates manipulation of the ion beam 
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and evaluation of the performance of the device, a 
larger available mass range than quadrupole instru- 
ments, which allows examination of high mass ion 
dissociation, and access to the high collision energy 
regime. The advantages of SID, in contrast to high 
energy CAD, in a high performance instrument in- 
clude potentially high dissociation efficiencies, high 
average internal energy deposition, and sensitive con- 
trol of the internal energy deposited. This combination 
of instrument and collision cell could be important in 
efforts to improve detection limits over high energy 
CAD experiments and in efforts to fragment larger 
molecules. As currently practiced, high energy CAD 
detection limits are limited by poor CAD ion yields 
(less than 10% of the main beam intensity recorded as 
product ions [33]). The mass limit of approximately 
2500 u to generate fragmentation via high energy CAD 
[33] is presumed to be due to the inability to deposit 
large internal energies in the instrumental time scale. 
We report here our design of a prototype in-line SID 
device and the initial results obtained with the device 
placed in a JEOL (Peabody, MA) HXllO/HXllO tan- 
dem mass spectrometer. 
Experimental 
The SID experiments were carried out in a JEOL 
HXllO/HX11O tandem mass spectrometer with an 
EBEB geometry. Typical operating resolution of MS-1 
and MS-2 was 1500, which allows the selection of an 
isotopically pure precursor ion and better than unit 
resolution in product ion spectra for the relatively 
small molecules examined here. Electron impact ion- 
ization was carried out on volatile liquids introduced 
through the inlet reservoir or on volatile solids via a 
direct insertion probe. Peptide samples were ionized 
by liquid secondary ionization mass spectrometry 
(LSIMS) ionization that employed 15-keV Cs+ ion 
bombardment. Peptide samples (typically l-3 run01 in 
deionized water) were mixed (l/l, v/v) in a glycerol 
matrix. A B/E linked scan was used to scan MS-2 to 
record product ion spectra at rates of 60 or 120 s/ 
6000~. JEOL Complement@ software was used to cal- 
culate and implement MS-2 linked scan parameters for 
floating collision cell operation with the SID target 
surface (collision cell voltage) that ranged from 9.30 to 
9.95 kV. Simple MS-2 magnet scans also were used to 
detect ion-surface reaction products that appear at 
masses above that of the precursor ion. Typically 5-10 
scans were summed to produce a product ion spec- 
trum. 
Nonpeptide samples were purchased from Aldrich 
Chemical Company (Milwaukee, WI) and used with- 
out further purification. Leucine enkephalin was pur- 
chased from Sigma Chemical Company (St. Louis, MO) 
and used without further purification. 
The target surface was cleaned with methanol and 
acetone prior to insertion of the device into the instru- 
ment. Surface modification experiments with the per- 
fluoropolyether Krytox-1625 [34] (DuPont Corp., 
Wilmington, DE) were carried out by placing one drop 
(10 PL) of liquid on the target surface, spreading to 
cover the entire surface, and wiping away excess fluid. 
The collision region is pumped by three diffusion 
pumps that have a combined pumping speed of 817 
L/s, which provides a pressure below 1 X 10P6 torr 
(the limit of our ion gauge). 
Internal energy deposition was determined by the 
method of Wysocki et al. [35]. Known activation ener- 
gies for sequential fragmentations of thermometer 
molecules such as Si(C,H,): and W(CO),+’ are used 
in combination with the abundance of these fragments 
in the product ion spectra to generate internal energy 
distribution curves. These curves are calculated for 
each collision energy and subsequently a weighted 
average internal energy deposited is determined. 
Results and Discussion 
Device Design 
The design of the in-line device is shown in Figure 1. 
The device is similar to the slant plate design of 
Wysocki et al. [27], but it has been modified to include 
a tail electrode and a deceleration-acceleration lens 
system similar to the JEOL CAD collision cell. The 
electrodes of the SID device were made of brass sheet 
stock (0.025-m thickness). The Kel-F (AIN Plastics, 
Norfolk, VA) mounting base was machined identically 
to the JEOL collision cell mount to provide fast ex- 
change of collision cells. Grooves (0.028 in. wide) were 
machined every 0.125 in. into the top surface of the 
mounting base for insertion of the lens elements. This 
produced a space between each element of the target 
lens and extraction lens of 8.85 mm. The grooves 
provide for easy repositioning of the electrodes in the 
initial stage of geometry optimization. The typical time 
to change between CAD and SID devices is 15 min 
plus the appropriate pump down time. 
Target 
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Figure 1. Top view of the electrode positions for the in-line SID 
device. All dimensions are in millimeters. 
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Previously reported in-line devices [26, 271 pro- 
vided minimal extraction fields for extraction of prod- 
uct ions because the tail electrode was held at the 
same voltage as the deflector. The simple design of 
Despeyroux et al. 1311 employs three electrodes paral- 
lel to the target surface: one for deflection of precursor 
ions, a second for extraction of product ions, and a 
third “guard” electrode. In our design we provide a 
deflector plate positioned 45” to the ion beam and an 
electrically isolated tail electrode positioned parallel to 
the target surface. The electric field generated by the 
angled deflector is postulated to cause a higher colli- 
sion angle than a parallel deflector plate would and 
therefore potentially higher internal energy deposition. 
The tail electrode is predicted to provide an extraction 
field for acceleration of product ions away from the 
target surface and additionally to provide some steer- 
ing fields for proper focusing into the entrance slit of 
the MS-2 of the JEOL instrument. SIMION [36] ion 
trajectory calculations provide evidence that, indeed, 
the isolated tail electrode allows for more efficient ion 
manipulation compared to previously reported de- 
signs. 
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A series of SIMION calculations were carried out by 
using experimentally determined electrode voltages to 
produce SID signals. The SIMION trajectory shown in 
Figure 2a indicates that ions that enter the collision 
region, having a beam width of 2 mm and translational 
energies of 10 keV, are adequately delivered to the SID 
target surface for 100-eV collisions. Subsequently, 
product ions that leave the target surface with an angle 
(exit angle) of 29” with respect to the target surface and 
kinetic energies of 20 eV are efficiently extracted and 
focused into MS-2. These calculations predict that spe- 
cific spatial, angular, and energetic requirements must 
be met for successful extraction of product ions from 
the target surface. For example, the product ions 
formed closer to MS-2 are extracted more easily and 
therefore have lower kinetic energy and exit angle 
requirements. Product ions formed closer to MS-1 
(where, in Figure 2, precursor ions are predicted to 
collide with the target) require larger kinetic energies 
and/or larger exit angles to be extracted into MS-2. 
The enlarged target region shown in Figure 2b shows 
more clearly the collision angles and positions of pre- 
cursor ions that strike the target surface as a function 
of their initial position entering the collision cell. The 
precursor ion collision angles are plotted as a function 
of collision position in Figure 3 for an angled (45”) 
deflector plate and for a deflector plate positioned 
parallel to the target surface. It is clear that the angled 
deflector provides a higher collision angle at a given 
position on the target surface than the parallel deflec- 
tor. However, the magnitude of this effect is not large 
and may not produce experimentally observable ef- 
fects in the SID experiment. Deflector angle effects are 
currently under experimental examination. SIMION 
calculations also were carried out on the same geome- 
try without the tail electrode (data not shown). These 
Figure 2. (a) SIMION ion trajectory calculations for 100-eV 
ion-surface collisions. Calculations for precursor ions that enter 
the target lens are superimposed with calculations for product 
ions extracted from the target surface. Initial precursor ion beam 
conditions are IO-keV kinetic energy and a 2-mm beam width. 
Initial product ion conditions are 29” exit angle and 20-eV kinetic 
energy. (b) Enlarged target region that shows collision and ex- 
traction angles and positions. 
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Figure 3. Precursor ion collision angles as a function of collision 
position for 45” deflector (0) and 180” (parallel to target surface) 
deflector (0). The collision position indicated is from the front 
edge of the target electrode (in millimeters). 
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simulations indicate that product ion extraction and 
focus into MS-2 were severely hindered in the absence 
of the tail electrode. Subsequent experiments verified 
this prediction in that very poor product ion currents 
were obtained without the tail electrode. 
Experimental Results 
The average internal energy deposited in low energy 
ion-surface collisions has been reported to vary with 
laboratory collision energy up to 14 eV by using the 
Si(C,H,):’ thermometer ion in a 90” SID instrument 
1371 and up to 10.5 eV by using the WACO):. ther- 
mometer ion in an in-line SID instrument [26]. We 
used the WfCO): ion to determine the average inter- 
nal energy deposition as a function of collision energy 
with the in-line SID device described here. By using 
this device the average internal energy deposited varies 
with collision energy up to 14 eV as shown in Figure 4. 
Interestingly, a clear difference in internal energy de- 
position is observed between the fluorinated surface 
and surfaces that have not been specially prepared and 
that are believed to be coated with hydrocarbons from 
residual pump oil. The differences are particularly 
clear at lower collision energies. Similar effects have 
been reported previously as indicated by changes in 
product ion distributions with different surfaces [9-121. 
The plateau in the internal energy deposition curve 
that starts at 300-eV collision energy is caused by the 
inability to fragment W(CO),+’ beyond the W+’ ion 
and not by a true plateau in the internal energy depo- 
sition function. A similar plateau that starts at a colli- 
sion energy of 200 eV was measured qualitatively, by 
using product ion ratios, with an in-line device by 
Despeyroux et al. [311. Evidence for increased internal 
energy deposition beyond 14 eV exists in the data 
where the pyrene molecular ion continues to dissociate 
to smaller product ions as the collision energy in- 
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Figure 4. Average internal energy deposited into WfCO),+’ ions 
by ion-surface collisions in the in-line device as a function of 
laboratory frame collision energy by using a fluorinated surface 
(0) and a hydrocarbon surface f 0 ). The dashed line at 15.2 eV 
represents the average internal energy assigned to W +’ ions. 
creases beyond 400 eV and the appearance of the SiH+ 
ion in the product ion spectrum of Si(C,H,):‘, which 
requires 16.3 eV of internal energy. Although the inter- 
nal energy distributions are not shown, they are nearly 
identical to previously reported narrow SID distribu- 
tions with widths of 4-5 eV (full width at half maxi- 
mum). The maximum efficiency obtained for conver- 
sion of translational energy to internal energy was 
9.5% in 100-eV collisions with the fluorinated surface. 
This value is slightly lower than the 13% reported by 
Bier et al. [26] with their in-line device and lower than 
the 18 and 19% reported for fluorinated surfaces in a 
90” instrument [ 12, 341. This lower efficiency compared 
to 90” devices may be due to glancing collisions with 
the target surface in the m-line devices. 
Further evidence of high internal energy deposition 
and instrument performance is provided in Figure 5, 
which is a 200-eV SID spectrum of pyrene. The [M - 
2H]+‘, N/Z 200, is the most abundant product ion and 
extensive fragmentation is observed in this spectrum. 
As has been previously described [38], product ions 
that correspond to the formulae C,,Hl’ and C,,Hz are 
observed, where II = 2-12. In addition, product ions in 
the series C,,H,C’ and C,,H: also are observed from 
II = 10-15. These two product ion series, predicted to 
be linear (C,,H:’ and C,,Hf ions) and cyclic (C,,Hl’ 
and C,,H: ions), overlap in the region of ??z/.z 122-130, 
where a broad distribution of product ions is observed. 
The high resolution obtainable with the JEOL instru- 
ment is displayed by the fact that every peak in this 
spectrum is clearly resolved from peaks that are l-u 
distant. This resolution can enhance the ability to de- 
termine product ion structures. 
The resolution obtainable with the JEOL instrument 
has not only improved product ion structure deter- 
mination, but also has allowed the observation of 
previously unobserved ion-surface phenomena. In dis- 
sociative collisions of SKC,H,):‘, an internal energy 
25 
Figure 5. 200-eV SID spectrum of the pyrene molecular ion, 
M/Z 202, with a hydrocarbon surface. 
J Am SW Mass Spectrom 1995, 6, 257-263 
thermometer ion, the SiH+ ion intensity at m/z 29 can 
be used in internal energy calculations (activation en- 
ergy, 16.3 eV [39]). The 500-eV SID spectrum of 
Si(C,H,):’ shown in Figure 6 indicates two ions clearly 
resolved at nominal mass 29. The ions have been 
assigned to the two structures SiH+ and C,H5+, which 
differ by 0.06 u. (The inaccuracies of the reported 
masses are due to the instrument calibration, which is 
based on CsI clusters of m/z 133 and higher). By using 
a fluorinated surface where sputtering of surface ad- 
sorbates is inhibited, the peak assigned to C,Hl de- 
creases to 30% of its original intensity, which indicates 
that roughly two thirds of the C,Hl ion current origi- 
nates from hydrocarbons on the target surface whereas 
the remaining one third originates from the precursor 
ion. The intensity at m/z 29 from C,Hz would con- 
tribute to errors in internal energy calculations, which 
rely on the relative abundance of the high energy SiH+ 
ion, but which utilize the intensity of the unresolved 
m/z 29 in the determinations. 
The high resolution of the JEOL instrument also has 
allowed the novel observation of hydrogen atom and 
hydrocarbon pickup from the surface in ion-surface 
collisions of W(CO)z ions on a hydrocarbon-covered 
surface. Although it has been reported previously [12, 
341 that W(CO)z’ ions, upon collision with a fluori- 
nated surface, abstract up to five fluorine atoms, the 
resolution of these experiments was not sufficient to 
separate product ions from product ions that have 
abstracted hydrogen atoms. As shown in Figure 7a, 
hydrogen atom abstraction can be observed for all 
product ions in the 150-eV SID spectrum of W(CO)l; 
m/z 350 (which contains 1s2W’2C’60 only, as selected 
by MS-l), in collisions with a hydrocarbon-covered 
surface. When a fluorinated surface is utilized, hydra 
gen atom abstraction disappears and fluorine atom 
abstraction is observed as shown in Figure 7b for 
200-eV collisions. In addition to hydrogen atom ab- 
SiH+ C2H5+ 
29.924 29.997 
\ / 
Figure 6. 500-eV SID spectrum of Si(C,H,):; m/z 144, in the 
range of nr/z 26-31 with a hydrocarbon surface. 
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Figure 7. (a) 150-eV SID spectrum of W(CO)l’, m/z 350, with a 
hydrocarbon surface and (b) 200-eV SID spectrum with a fluori- 
nated surface. 
straction, hydrocarbon abstraction also is observed in 
collisions with a hydrocarbon-covered surface as indi- 
cated in the insert in Figure 7a. This ion-surface reac- 
tion has been observed previously for benzene and for 
polycyclic aromatic hydrocarbons such as naphthalene, 
anthracene, and pyrene [7, 141; however, it has not 
been reported for the W(CO)i ion. Extensive reaction 
products are observed in the form of alkyl pickup with 
subsequent hydrogen atom losses. Although it is dif- 
ficult to assign unambiguous structures to each prod- 
uct ion observed, for example, the product ion at m/z 
223 could be either [W + C,H,l+ or [WC0 + CHl+, it 
is clear that large hydrocarbons or multiple hydrocar- 
bon species are abstracted from the surface. For exam- 
ple, the product ion at m/z 244 can be assigned only 
to WC,Hz; which indicates that either pentyl groups 
are abstracted from the surface or that multiple hydra 
carbon abstractions occur. Note that the ion-surface 
reaction products of significant intensity (> 1% relative 
abundance) and that could be assigned structures were 
used in the internal energy calculations. 
262 SCHEY ET AL. J Am Sot Mass Spectrom 1995,6,257-263 
An example of peptide ion-surface collision data is 
shown in Figure 8 for the often studied pentapeptide 
leucine enkephalin. At a collision energy of 60 eV and 
with a hydrocarbon-coated surface, the SID spectrum 
for this peptide shows mainly a, b, and y sequence 
ions [40] and seems more typical of low rather than 
high energy CAD. However, evidence of high energy n 
and w ions in peptide SID spectra has been reported 
[17]. We also have seen evidence of d and w ions for 
larger peptide ions. Jackson et al. [41] examined leucine 
enkephalin with their in-line device and reported simi- 
lar ion types; however, a much broader distribution of 
product ions at a higher collision energy of 200 eV was 
observed. At this collision energy, by using the m-line 
device described here, the leucine enkephalin data 
collapses to predominantly immonium ions. 
product ion signals. Therefore the definition of dissoci- 
ation efficiency used here is 
dissociation efficiency 
= c (product ions)/ c (precursor ions) 
An interesting feature of the leucine enkephalin 
data is the doublet at m/z 278, 279 (b,, yZ ions), 
which is clearly resolved in this spectrum as shown in 
the insert. Resolution of this doublet of important 
sequence ions has not been demonstrated with other 
SID instruments. Furthermore, the ratio of 278/279 has 
been shown by Alexander and Boyd 1421 to be indica- 
tive of internal energy deposition. Their data indicate 
that under mildly energetic conditions (low collision 
gas pressures or low collision energies, < 30 eV) m/z 
279 predominates, whereas under more energetic con- 
ditions (multiple collision conditions or higher colli- 
sion energies, > 30 eV) the ratio of m/z 278/279 
approaches 2. The ratio observed in the SID spectrum 
shown in Figure 8 is similar to that observed under the 
most energetic conditions examined by Alexander and 
Boyd, which indicates high internal energy deposition 
into this peptide ion. 
Measured SID dissociation efficiencies are 0.75% for 
benzene and 1.25% for W(CO), in 100-eV collisions 
with a hydrocarbon covered surface. The efficiencies 
improve by fivefold when the Krytox-coated surface is 
used for both benzene (3.67%) and W(CO), (6.51%). 
The efficiency value measured for the collision of the 
benzene radical cation with a hydrocarbon surface is 
slightly higher than that reported by Wysocki et al. 
[27] with an in-line device and is more similar to the 
value they report for a 90” SID experiment. Morris 
et al. [12] reported a similar three- to ten-fold increase 
in dissociation efficiencies by using a fluorinated sur- 
face compared to hydrocarbon surfaces. 
A serious difficulty in these experiments is the de- 
celeration required to carry out low energy collisions 
in a high energy instrument. Currently deceleration 
occurs in the target lens of the device, which is empiri- 
cally optimized for maximum ion signals. A potential 
improvement in ion transmission is the addition of an 
einzel lens prior to the deceleration region as reported 
by Yu and Martin [431 for this same instrument. High 
transmissions have been achieved with this design and 
we will evaluate such a device in our instrument in the 
near future. 
Conclusions 
The efficiency of dissociation has been measured for 
the molecular ions of benzene and W(CO),. The mea- 
surement involves deflection of precursor ions past the 
target (avoiding collision) and measurement of the ion 
signal followed by adjustment of the electrode poten- 
tials to optimize SID signals and summation of the 
The in-line device described here in combination with 
the JEOL four-sector instrument provides high quality 
SID data. The SID data are similar to those reported for 
other SID devices in regard to internal energy deposi- 
tion, ion-surface reactive collisions, and peptide frag- 
mentation. However, the JEOL instrument provides 
superior resolution, which allows the observation of 
novel ion-surface collision phenomena. This combina- 
tion of dissociation device and mass analyzer provides 
a powerful tool for ion structure determination in that 
high resolution, high internal energy deposition, and 
fine control of internal energy deposition are available. 
Surface modifications have produced dissociation ef- 
ficiencies that approach those available in high energy 
CAD experiments. 
a2 
\ 
a4 
Figure 8. 60-eV SID spectrum of leucine enkephalm [M + H]+ 
ion, m/z 556, with a hydrocarbon surface. 
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